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INTRODUCTION
The impact of a single synaptic event is largely determined by the kinetic properties of the receptors involved. In turn, the kinetic properties of GABA A receptors are too a large extent defined by their subunit composition (Verdoorn 1994; Lavoie et al. 1997; Hevers and Lüddens 1998) . There is widespread plasticity in the expression of GABA A receptor subtypes, especially during development (Laurie et al. 1992; Fritschy et al. 1994) .
The large majority of postsynaptic GABA A receptors is composed of 2 α, 2 β and 1 γ subunit (Tretter et al. 1997; Farrar et al. 1999; Baumann et al. 2001) . In most brain regions, the postsynaptic GABA A receptors in very young animals incorporate α2 and/or α3 subunits (Laurie et al. 1992; Fritschy et al. 1994) . These receptors mediate relatively long-lasting inhibitory postsynaptic currents (IPSCs) (Brussaard et al. 1997; Okada et al. 2000; Bosman et al. 2002) .
During development, the relative abundance of α2 and α3 diminishes (Laurie et al. 1992; Fritschy et al. 1994; Heinen et al. 2004) . Simultaneously, the α1 subunit, which is initially rare, is strongly upregulated and forms the dominant α subunit in most brain regions during adulthood (Laurie et al. 1992; Fritschy et al. 1994; Pirker et al. 2000; Heinen et al. 2004) . Synapses that have mostly α1-containing GABA A receptors mediate relatively short-lasting IPSCs (Vicini et al. 2001; Bosman et al. 2002; Goldstein et al. 2002; Koksma et al. 2003) . The functional impact of α1 during earlier stages, when it is only sparsely expressed, is less clear.
Although the developmental subunit switching and accompanied changes in GABAergic
IPSCs is a widespread phenomenon, its functional relevance is poorly understood. In this study, we addressed the role of α1 in synaptic, GABAergic transmission at various stages of development of the cerebral cortex. To this end, we used homozygous α1 -/-mice (Sur et al. 2001 ). In addition, we evaluated whether these mice retain the juvenile phenotype of GABAergic transmission. Since this is indeed the case, we propose that the α1 -/-mouse is a valid model to study functional implications of developmental subunit switching of GABA A receptors.
MATERIALS AND METHODS

Tissue preparation
All experimental methods were approved by the animal welfare committee of our university, as required by Dutch law. Mice lacking the α1 subunit of the GABA A receptor were in a mixed 50% C57BL6 -50% 129SvEv background, as previously described (Sur et al. 2001) . The wild type mice were also a cross between C57BL6 and 129SvEv. Mice were decapitated, their brains quickly removed and placed in ice-cold artificial cerebrospinal fluid (ACSF, in mM: 125 NaCl, 25 NaHCO 3 , 3 KCl, 1.2 NaH 2 PO 4 , 2.4 CaCl 2 , 1.3 MgSO 4 , 10 D(+)-glucose (carboxygenated with 5% CO 2 / 95% O 2 , 304 mosmol, pH 7.4)). According to the guidelines of the local animal welfare committee, adult mice (2-3 months) were paralyzed with ketamine (circa 0.1 mg/g body weight) prior to decapitation. Mice from other ages were not treated with ketamine. Coronal sections (400 µm thick) of the visual cortex were cut using a VT1000S vibratome slicer (Leica, Wetzlar, Germany). Slices were stored up to 8 hours in continuously carboxygenated ACSF at room temperature.
Total RNA isolation and cDNA preparation
Total RNA was isolated from a 1 mm wide, 400 µm thick freshly dissected visual cortex slice (layers I-IV) according to the procedure described by Chomczynski and Sacchi (1987) Double events were rejected. From all accepted IPSCs, the peak current and the corresponding inter-event time were measured and the synaptic current decay time constant (τ decay ) was calculated by fitting the decay phase with a mono-exponential function. All exponential fits were checked by eye and inaccurate fits were rejected.
For each neuron, histograms were made of the peak currents, τ decay and interval times of all the IPSCs. Neurons which had less than 50 accepted control IPSCs were rejected from further analysis. Typically, we analyzed approximately 400 IPSCs per condition per neuron. Peak current and τ decay histograms were best fitted with lognormal curves, interval time histograms were best fitted with mono-exponential functions, as described previously (Brussaard et al. 1996) . For each experimental condition, at least three individual animals were used. The numbers of neurons used for each group are mentioned in Tables 1 and 2 .
RESULTS
First, we examined whether other subunits were subject to compensations in gene expression in the α1 -/-mice. In previous, semi-quantitative studies performed at various brain regions, no compensatory regulation was detected in the F5 generation of the α1 -/-mouse-line generated by Sur et al. (2001) , which was also used for this study. Here, we present an additional, quantitative analysis of the gene expression of all GABA A receptor α subunits at postnatal day 21 (p21) in cells of layer I-IV of the visual cortex (figure 1). This analysis was done in F5-F7 mice, which were also used for the rest of this study.
In wild type mice, α1 is the dominant GABA A receptor α subunit at p21, accounting for 57% of the total α subunit mRNA. Whereas α1 gene expression was absent in α1 -/-mice, the expression of the other α subunits was unaltered with the exception of α5. Whereas α5 is almost absent in wild type mice, it is upregulated in α1 -/-mice. In the cerebral cortex, however, α5 is probably exclusively incorporated in extrasynaptic GABA A receptors (Fritschy and Brünig 2003) . Taken together, the total expression of GABA A receptor α subunits was reduced by 54% following α1 knock out, which corresponds to the contribution of α1 to the wild type mRNA pool (57%). Hence, we conclude that there are no compensations in gene expression of the other (postsynaptic) α subunits in the α1 -/-mice ( figure 1A ).
We also measured gene expression of a selected set of other proteins involved in In conclusion, in line with Sur et al. (2001) , we failed to find any major compensation of the GABA A receptor α subunits in α1 -/-mice. The same was true for the trafficking protein GABARAP and the presynaptic marker GAD65. However, both gephyrin, involved in the clustering of postsynaptic GABA A receptors, and the GABA A receptor γ2 subunit were upregulated, which may suggest compensation of expression or trafficking of functional GABA A receptors.
Therefore, we characterized the functioning of postsynaptic GABA A receptors at key stages of development in α1 -/-and wild type mice. To this end, we performed whole-cell voltage-clamp measurements of randomly selected neurons of layers II/III of the visual cortex in acutely prepared brain slices The slices were taken from mice at the completion of cortical layer formation (p6), around eye opening (p14), at the onset of the critical period (p21) and from adult animals (> 3 months old), respectively. The spontaneous IPSCs (sIPSCs) could be completely blocked by the specific GABA A receptor antagonist gabazine (50 µM, n = 8, data not shown).
The frequency with which sIPSCs occurred did not differ between α1 -/-and wild type mice during early development (figure 2). However, in adult mice, the sIPSC frequency was clearly reduced in α1 -/-mice. This may reflect fewer functional synapses surviving in α1 -/compared with wild type mice.
Next, we measured the peak currents and the decay time constants of the sIPSCs ( figure   3 ). In order to characterize the variation in peak currents and decay times, we made histograms composed of sIPSCs from all measured neurons (figures 3C,D). In addition, the median values were plotted to allow comparison between developmental stages (figures 3E,F).
Despite the lack of the α1 subunit and the absence of alterations in gene expression of other α subunits, the peak currents were not reduced in α1 -/-mice when compared with wild types. On the contrary, the peak currents at p21 were even larger in α1 -/-animals ( figure 3E ).
The decay time constant (τ decay ) was always larger in α1 -/-mice than in wild types.
Already at p6, when α1 expression is still very low (Heinen et al. 2004 ), a clear difference between α1 -/-and wild type mice was observed when comparing the experimental medians.
During development, the τ decay of the IPSCs in both wild type and α1 -/-mice shortened.
Remarkably, around p21, when α1 is already the most abundant α subunit (Heinen et al. 2004), there was a relatively small difference in τ decay between α1 -/-and wild type mice (figure 3F).
Since sIPSCs may originate either as a consequence of action potential firing of the presynaptic cell or are action potential-independent, they form inevatibly a mixed population.
Indeed, also changes in the action potential firing pattern in the α1 -/-slices may affect the outcome of sIPSC-analysis. Hence we performed a series of experiments in the presence of the Na + channel blocker TTX (1 µM) in order to exclude the action potential-driven IPSCs and measure exclusively the miniature IPSCs (mIPSCs) ( figure 4) . These experiments were done at p14 and p21.
Addition of TTX always reduced the IPSC-frequency ( figure 4A ). At p14, the effect of TTX on the frequency of IPSCs was similar in α1 -/-and wild type mice. However, at p21, TTX had a larger effect on α1 -/-mice than on wild types, indicating that the fraction of action potential-driven IPSCs is increased in these animals. Comparing the mIPSC-frequency, which most likely reflects the number of GABAergic synapses per neuron, between equally old α1 -/and wild type mice, there was no significant difference ( figure 4A ). This suggests that the number of GABAergic synapses is not reduced in the α1 -/-mice, although we cannot exclude a change in the presynaptic release probabilities between WT and α1 -/-mice.
In line with the previous sIPSC-analysis, the peak currents of mIPSCs were not reduced following α1 knock out ( figure 4C ). Again, at p21, α1 -/-mice showed larger mIPSCs than wild type animals. At p14, there was no difference between the two genotypes. Since the peak current of mIPSCs is correlated to the number of (active) GABA A receptors at the postsynaptic membrane (Nusser et al. 1997) , this suggests that removal of α1 does not lead to a reduction of the number of active GABA A receptors per synapse.
Also in line with the sIPSCs, the τ decay of the mIPSCs was increased in the α1 -/-mice compared to the wild types ( figure 4D ). Again, the increase was larger at p14 than at p21.
Taken together, this implies that the strength of GABAergic neurotransmission may very well be increased rather than reduced upon α1 deletion ( figure 5 ). The duration of IPSCs is increased, whereas the occurrence and amplitude of the IPSCs is not reduced in the α1 -/-mice. As expected, the differences in charge transfer in very young animals are rather small, since α1 expression increases sharply during development. In older animals, however, the charge transfer per IPSCs is clearly larger in α1 -/-mice than in wild types ( figure 5B ). This is even clearer when only mIPSCs are taken into account ( figure 5A ). There are two independent lines of α1 -/-mice (Sur et al. 2001; Vicini et al. 2001 ). In the mouse line we have used, generated by Rosahl's lab (Sur et al. 2001) , the null mice were interbred, contrary to the other line, generated by Homanics' lab (Vicini et al. 2001 The results of the present study may help explain the relatively healthy state of the α1 -/animals. Contrary to the γ2 -/-and β3 -/-mice, α1 -/-mice do not display a dramatic change in the function of GABA A receptors (see also Sur et al. 2001; Vicini et al., 2001; Goldstein et al., 2002) . In fact, they have an approximately normal number of GABAergic synapses, which in turn have a more or less normal number of GABA A receptors. Apparently, there is a compensatory upregulation of non-α1 subunits, as was previously shown by Sur et al. (2001) and Kralic et al. (2002) . To what extent this upregulation contributes to the observed compensatory regulation of the number of GABA A receptors, that seems to reach a peak level around the onset of the critical period, is as yet unclear. This compensatory upregulation is not reflected in the gene expression of the α subunits, as shown in figure 1 . In contrast, the γ2 subunit and gephyrin showed an increased expression in the α1 -/-mice at p21. Since both proteins are involved in the postsynaptic clustering of GABA A receptors (Essrich et al. 1998; Sassoè-Pognetto et al. 2000) , it
DISCUSSION
Conclusions
is tempting to speculate that the total number of postsynaptic GABA A receptors was relatively intact after α1 deletion, due to the fact that γ2 and gephyrin mediated GABA A receptor clustering mechanisms appear increased. If true this may also affect the ratio of synaptic versus extrasynaptic GABA A receptor in this mutant. In this respect it is interesting to note that the number of functional extrasynaptic GABA A receptors appear reduced in α1 -/-mice (L. W. J.
Bosman, T. S. Heistek, J. C. Lodder & A. B. Brussaard, unpublished observation), suggesting that translocation of functional GABA A receptor from the extra-to the postsynaptic membrane may account to some extent for the relatively normal receptor numbers at GABA synapses in these mutants.
Developmental plasticity in IPSC-kinetics
In wild type animals, the duration of GABAergic IPSCs decreases during development. This change in IPSC-kinetics is probably caused by alterations in the expression of the GABA A receptor α subunits (Bosman et al. 2002; Heinen et al. 2004) . There is ample evidence that the channel open time of a GABA A receptor is largely determined by its α subunits. Extensive studies on heterologous expression systems have addressed this issue (Verdoorn 1994; Lavoie et al. 1997; Hevers and Lüddens 1998) . These studies have the obvious disadvantage that they do not take the native environment of postsynaptic GABA A receptors into account. Measuring the decay kinetics of GABA A receptor subtypes in the native environment is complicated, however, by the large variation in GABA A receptor subtypes expressed. Several studies have taken advantage of this heterogeneity and correlated the decay kinetics with the presence of specific GABA A receptor subunits (Dunning et al. 1999; Okada et al. 2000; Jüttner et al. 2001 ). In a previous study, we exploited subunit-specific pharmacology (Bosman et al. 2002) . These studies conclude that the α2, α3 and α5 subunit are involved in long-lasting IPSCs, whereas α1 and α4
are associated with short-during IPSCs. In accordance, antisense deletion of α1 suppressed the occurrence of fast decaying IPSCs (Bosman et al. 2002) and antisense deletion of α2 specifically reduced slow decaying IPSCs (Brussaard et al. 1997) .
Studies on two independent α1 -/-mice lines have confirmed that α1 deletion leads to elongated IPSCs in mature neurons of several brain regions, which all have α1 as their major α subunit (Vicini et al. 2001; Bosman et al. 2002; Goldstein et al. 2002; Koksma et al. 2003; Ortinski et al. 2004 ). The only previous observation made in juvenile α1 -/-mice concerned cerebellar stellate neurons (Vicini et al. 2001) . GABAergic IPSCs in juvenile, cerebellar stellate neurons (p11) are not affected by zolpidem, indicating that the α1 subunit is not or rarely incorporated in postsynaptic densities. In line with this, the IPSC kinetics were not affected by α1 deletion (Vicini et al. 2001 ).
Contrary to the juvenile cerebellar stellate neurons, IPSCs in the cerebral cortex show already at p6 zolpidem-sensitivity (Bosman et al. 2002) . The effect of zolpidem on IPSCkinetics increases during development, reflecting the increase in (postsynaptic) α1 expression (Bosman et al. 2002; Heinen et al. 2004) . We show here that already at p6, there is a clear difference in decay kinetics of IPSCs in the cerebral cortex, indicating that even relatively small amounts of postsynaptic α1 can influence the IPSC-kinetics significantly.
The IPSCs in wild types are faster than in α1 -/-mice at all developmental stages. This demonstrates that α1 containing GABA A receptors mediate faster decaying IPSCs than non-α1 containing ones. The upregulation of the number of GABA A receptors as a putative (post)translational compensation (by virtue of regulation of non-α1 subunits and gephyrin) in the α1 -/-mice cannot alter this conclusion.
During normal development of the neocortex, the switch from α3 to α1 is thought to be largely responsible for the change in decay kinetics. Similar mechanisms have been described in other brain regions (Dunning et al. 1999; Okada et al. 2000; Liu and Wong-Riley 2004) .
However, we describe that there is also a clear, developmental shortening of the IPSCs in the absence of α1. Which mechanisms can be responsible for this plasticity?
First, the α3/α1 switch is not the only change in α subunit expression during wild type development. There is also an upregulation of α4 and a downregulation of α5 (Heinen et al.
2004
). Most likely, the α5 subunit is not incorporated in postynaptic receptors in the cerebral cortex (Fritschy and Brünig 2003) . As the α1 subunit, α4 is associated with fast decaying IPSCs (Bosman et al. 2002) . However, the impact of α4 in wild type mice is relatively small as compared to that of α1, since α4 expression is much lower than α1 expression. But in the absence of α1, α4 makes up a relatively larger portion of α subunits. Hence, an α3/α4 switch may to some extent explain the observed kinetic changes during development in the mutant mice.
Second, other mechanisms may play a role. Allosteric modulation, for instance, can also affect the duration of GABAergic IPSCs (Jones and Westbrook 1997; Lambert et al. 2001 ).
Finally, we cannot exclude that non-α subunits also affected synaptic current decay (see for instance Benkwitz et al. (2004)).
α1 -/-mice as a model for juvenile GABA A receptors
While one cannot expect us to make definitive conclusions as to why neurons make the switch from α2/3 to α1 and what compensatory mechanisms may be called upon in the α1 -/-mice, there might be interesting mechanistic parallels to explore with respect to the developmental switch from the γ to the ε subunit in the muscle nACh receptor with its concomitant shortening of synaptic decay (e.g., Jaramillo and Schuetze, 1988), and the resulting pathology that results when this does not occur (e.g., slow channel syndrome). In particular, a phenotype labeled as slow channel syndrome (SCS) may occur, being caused by prolonged activation of nAChRs, either resulting from single amino acid mutations of for instance the ε subunit (Ohno et al, 1995) or by aberrant expression of the fetal γ subunit, probably related to destruction and regeneration of the junctional folds and known to lead to a muscle weakness and rapid fatigue in humans. This phenotype is most likely caused by socalled depolarization block as a result of inactivation of voltage-gated Na + channels. -Ibid for Q sIPSC at different stages of development. There was a significant decrease in Q sIPSC in wild type, but not in α1 -/-mice (Kruskal-Wallis test). In line with this, the Q sIPSC differed only in older (from p21 onwards) mice between wild type and α1 -/-mice. # indicates a significant difference between a given developmental stage and p6. Asterisks indicate significant differences between wild type and α1 -/-mice at a given developmental stage. Shown are the averages ± SEM. n.t.: not tested. α1 -/-16.71 ± 4.16 * 10.43 ± 3.55 * 9.56 ± 3.80 10.15 ± 5.21 * All values are the medians ± interquartile ranges. * Indicates significant (p < 0.05) difference between WT and α1 -/-values (two-way ANOVA, see also figure 3). α1 -/-14.72 ± 5.19 * 9.44 ± 3.41 All values are the medians ± interquartile ranges. * Indicates significant (p < 0.05) difference between WT and α1 -/-values (Student's t-test, see also figure 4). 
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